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Abstract 
The metal layered manufacturing processes have provided industries with a fast method to 
build functional parts directly from CAD models. This paper compare previous papers of 
researchers at where they can used the aluminium,titanium,Copper,refractory materials and 
its alloy’s foils and with non toxic support materials to provide layer by layer manufacturing 
of sheet foils metals and its alloys and aim to behave like Rapid prototyping. Important basic 
researches regarding Ultrasonic consolidation is discussed. Different kinds of horns with 20 
kHz and more frequency and remaing parts behaviour and process parameters with all 
testing are discuss. 
 
Rapid Prototyping (RP) 
Rapid Prototyping 
The term Rapid prototyping (RP) refers to 
a class of technologies that can automatic-
lly construct physical models from 
Computer-Aided Design (CAD) data.[33] 
 
Types of Rapid Prototyping (RP) 
 Steriolithography (SLA) 
 Selective Laser Sintering (SLS) 
 Laminated object manufacturing 
(LOM) 
 Fused Deposition Modeling (FDM) 
 3-D Printing [33]  
 
Basic Steps of RP 
 All RP techniques employ the same 
basic five-step process[32],[37]  
1) Create a CAD model of the design 
2) Convert the CAD model to STL format 
3) Slice the STL file into thin cross-
sectional layers 
4) Construct the model one layer a top 
another 
5) Clean and finish the model 
Ultrasonic Consolidation 
Ultrasonic consolidation (UC) is a 
freeform fabrication technique developed 
for the layered fabrication of metal parts. 
The process uses a high intensity 
ultrasonic energy source to induce 
combined static and oscillating shear 
forces within layers of metal foil to 




Schematic diagram of UC [44] Ultrasonic 
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The UC works with sticking the metals 
foils together with the vibrations generated 
by ultrasonic and under the pressure 
metals are joins with layer by layer with 
bonding of surface oxide films.[44] 
 
Material used in UC [40] 
1.Aluminium 6061 specimens were 
successfully welded by the UC machine 
using both unprepared and surface 
prepared foils  
2. Aluminum alloy 3003 
3. Al/SiC  
4.Stainless steel 316L 
 
Literature Review  
Basics Regarding UC 
1. Title: Ultrasonic additives 
manufacturing –A hybrid production 
process for novel functional products 
Author name & Year :R..J.Friel et al.,-
2013 
Summary: UAM has capable of bonding 
thermally and mechanically dissimilar 
metals. For testing Peel testing and LWD 
are used. Topology effect is studied by 
white light interferometry. 
2. Title: Ultrasonic joining: A novel direct-
assembly technique for metal composite 
hybrid structure 
Author Name &Year: E.E Feistauer,R.P.M 
Guimaraes et al.,2016 
Summary: Ultrasonic Joining applied to 
Ti-6Al-4V/glass fiber reinforced 
polythrtmide overlap joints. Joining was 
performed using ultra weld L20 metal 
welder from branson ultrasonic. A joining 
energy of 2200J,clamping and joining 
pressure of 1bar and a 2-step tool 
amplitude of 32 and 52 μm were used. The 
frequency of sonotrode oscillation was 
fixed at 20Khz.The mechanical 
performance was assessed with a 
customized lap shear test performed at 
room temperature and a traverse speed of 
2mm/min. The fracture surfaces of the 
tested specimens were evaluated using 
scanning electron microscopy. 
3. Title: Application of ultrasonic 
vibrations in welding and metal 
processing:- A status review 
Author name & Year: S. kumar et al.,-
2017 
Summary:  A typical ultrasonic system is a 
sequential assembly of four major 
components: Generator,Transducer,booster 
and horn. When integrated to each other, 
generates and subsequently transfers 
ultrasonic vibrations to a desired location 
of metal during manufacturing process. 
Two types of ultrasonic generators are in 
common use, conventional and automatic. 
Transducer is a device which converts 
ultrasonic waves to the desired electrical 
signals or vice versa. Two types of 
transducers are most widely applied in 
industrial applications. magnetostrictive 
and piezoelectric types. 
Ultrasonic horn: The horn is a integrated 
into the ultrasonic set up so as to enhance 
the amplitude of vibrations. Material of the 
horn is selected on the basis of the area of 
its application. Design of horn adopted two 
approaches: Traditional and Finite element 
analysis(FEM) 
Booster: A booster, also known as 
amplifier, is an optional components in 
ultrasonic system, which is used when the 
amplitude at the end of horn requires 
alteration.  
 
Design horn (Sonotrode) 
4. Title: Ultrasonic consolidation of 
aluminum tooling 
Author name &Year: Dawn R.white-2003 
Summary: These are presented to 
RPCAM, solidica‘s system programming 
in a standard STL format. RPCAM slices 
the geometry in to layer 0.1mm thick and 
generates the machine program the 
machine program to build, trim and finish 
the part.  
5. Title: Design of Tool holders for 
ultrasonic machining using FEM 
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Summary : Horns are generally made of 
metals that have high fatigue strengths and 
low acoustic losses and they should be 
easily brazed or soldered . The metals 
most often used to construct horns are 
monel, titanium, stainless steel, heat 
treated steel and aluminium. Horns can be 
manufactured in various shapes and 
dimensions, the most common shapes 
1.Exponential 2.Conical 3.Stepped. 
 
Stepped shaped Horn Design Steps 
L = k1(c/4f) + k2 (c/4 f), 
 Where K1 and K2 correction factor to 
be unity ,f  is the natural frequency of 
the machine 





  E is the value of young modulus and d 
is the density of horn material. 
L=c/2f  
6. Title: On the design and analysis of 
acoustic horns for ultrasonic welding 
Author name &Year: kuen-ming shu et al.-
2013 
Summary: Based on previous paper the 
length of horn can Calculate.Material for 
Horn-A7075-T651 aluminum alloy is 
used, Where Modulus of Elasticity 
E=71.7GPa,Poission ratio μ=0.33 and 
mass density ρ=2810 kg/m3Analysis tool-
Ansys (FEM)  
7. Title : Design and development of of 
sonotrode for drilling 
Author name & Year : Mihir tadvi et 
al.,2015 
Summary: Ordinary differential equations 





Analysis tool-Designed parameters 
(Resonance length, Amplitude ,Stress, 
Nodal point and anti nodal point)CARD 
software. End diameter and Resonance 
length calculated from CARD are supplied 
to ANSYS to perform modal analysis. It 
can be observed that for the same input 
conditions, there is very little variation in 
the sonotrode gained values and tuned 
frequencies. 
 
Title: A model for weld strength in 
ultrasonic consolidated components 
Author name & Year  : Kong c et al.,-2005 
Summary : In the experiment, annealed 
aluminium 6061 foils of 25 mm width and 
100 µm thickness were used. Perform peel 
test o determine the weld quality, based on 
the average resistance to peeling, of the 
contact points within the weld interface. 
To analyze the weld interface between the 
two welded strips of foil. the ‗linear weld 
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Fig. shows the average linear weld density 
of the specimens produced at incremental 
contact pressures ranging from 138 to 276 
kPa. The fig. shows a consistent increase 
in the number and proportion of contact 
points within the weld interface as welding 
parameters increase (or decrease in the 
case of weld speed). 
 
Title : Assessing a stepped sonotrode in 
ultrasonic modeling technology 
Author &Year: J. Grabalosa et al.,-2016 
Summary: Here The sonotrode also acts as 
a plunger, pushing the molten material 
inside the mould cavity. The acoustic unit 
consists of the transducer, the booster, the 
sonotrode and the generator (Fig.(a)).The 
electrical energy provided by the generator 
is converted into mechanical energy in the 
transducer. Vibration is then amplified by 
the booster and the sonotrode to obtain the 
desired vibration amplitude at the tip of the 
sonotrode. 
To obtain the dynamic behaviour of the 
sonotrode, a non-contact laser vibrometer 
was used.The resonance frequency value is 
increased when sonotrode length is 
reduced and also when sonotrode tip 
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b. Theoretical geometry of a stepped 
sonotrode and  
 
sonotrode for ultrasonic molding  
 
c. final sonotrode design having  considered 
the  machine requirements.  
 
A stepped sonotrode suitable for ultrasonic 
molding has been characterized. It was 
found that the longitudinal vibration 
frequency is inversely proportional with 
the dimensions of sonotrode tip. A 
reduction of the tip length produce an 
increase of the sonotrode vibration 
frequency, but the longitudinal vibration 
mode is still obtained. 
 
Title : Experimental investigation of 
ultrasonic welding on non metallic 
material 
Author name &Year: Umang parmar 
,D.H.Pandya,2016 
Summary : The experiment have done on 
the plastic ultrasonic machine(USP 3000-
3000).In the machine horn is made of 




Factors affecting were welding time, 
welding pressure and amplitude of 
sonotrode. Joint strength has measured by 
universal testing machine. ANOVA has 
used to identify significant effect of 
parameter and regression analysis have to 
follow to optimize parameter values for 
maximum joint strength. Optimized weld 
strength has observed to maximum 6.05 
Mpa,1.5bar weld pressure,1.25 sec weld 
time and amplitude of 96.82%.  
 
Title: Fabrication of metal –matrix 
composites and adaptive composites 
using ultrasonic consolidation process. 
Author name & year : 
C.Y.Kong,R.C.Soar-2005 
Summary : This work is modified 3.3kw 
seam welding apparatus operated at a 
constant 20Khz freuency,oscialtion 
amplitude range-6.5 to 14.5 μm, contact 
pressure  0-70 Mpa using sonotrode of 47 
mm diameter and weld speed 
77mm/s.During the process the transducer-
booster-sonotrode stack rotates counter 
clockwise at a predefined weld speed and 
the same time oscillates transversally to 
the direction of welding. 
Material- Aluminum 3003 foils thickness 
200 μm 
Three methods on the application 1. Full 
load, 2. Partial Load, 3. No load. Fibre 
embedded specimens could be produced 
with full load consolidation without visible 
deformation and experiment also conclude 
that the UC process could be applied to 
produce metal matrix composites and 
additive composite where cold process is 
necessary for embedding 
 
Title: Multi-Material Ultrasonic 
Consolidation 
Author name & Year : G.D. Janaki Ram, 
C. Robinson, and B.E. Stucker-2006 
Summary: Al-Mn alloy 3003 (nominal 
composition by wt.%: Al-1.2Mn-0.12Cu) 
foil (150 µm thick and 25 mm wide) 
obtained from Solidica, Inc., USA, was 
used as the bulk part material for all 
experiments. Deposition experiments were 
conducted in such a way that they facilitate 
study of bonding between Al 3003 and a 
second material, and vice versa. Two 
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All material combinations  
except Al 3003-SiC fibre  
16   28  1750  300  
SiC fibre  
20  34  1550  150  
Fibre was oriented at 90
o
 to the welding direction.  
A number of engineering materials have 
been tried in combination with Al alloy 
3003, used as the bulk part material. 
Studies show that Al-Cu alloys, Al matrix 
composites, and Inconel 600 can be 
ultrasonically welded to Al alloy 3003 and 
vice versa with excellent interfacial 
characteristics. 
 
Title: Effect of Process Parameters on 
Bond Formation during Ultrasonic 
Consolidation of Aluminium Alloy 3003 
Author name & Year :G.D. Janaki et al.,-
2006 
Summary: Machine and Materials-All 
deposition experiments were conducted 
using a commercially available Solidica 
Formation TMDC machine. The machine 
consisted of a 147 mrn diameter titanium 
sonotrode. The material used for these DC 
experiments was Al alloy 3003 (nominal 
composition by wt.%: AI-1.2Mn-0.12Cu) 
foil, 150 um thick and 25 mm wide with 
an H18 temper, obtained from Solidica, 
Inc., USA. Deposition experiments were 
conducted on an Al 3003 base plate 
(dimensions: 355 x 355 x 12 mm) firmly 
bolted to the heat plate of the machine at 
eight locations around its exterior.Process 
parameters-Oscillation amplitude, Welding 






optimum process parameters, LWD levels 
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Title: Elastic constant of ultrasonic 
manufactured Al 3003-H18 
Author name & Year : D. R. Foster et al.,-
2013 
Summary: Peel tests and push pin test 
widely used mechanical test. Found that 
Vibrational amplitude and normal force 
have a strong effect on interfacial bond 
strength, while welding speed has a 
relatively weak effect. cold working Al 
3003 increases elastic constant values by 
much as 12% in H14 state.  
15. Title: Feasibility study of 316L 
stainless steel for the ultrasonic 
consolidation process 
Author name &Year: Robert B.Tuttle-
2007 
Summary: The following welding 
parameters would be recommended for 
using 316L in the UC process: 
- Welding amplitude between 25 and 
27 μm  
- Welding speed of 21mm/s or 
slower 
- Horn force of 800-900 N would be 
recommended to reduce horn wear.  
16. Title: On the stick –slip dynamics in 
ultrasonic additive manufacturing. 
Author name &Year:James M.Gibert et 
al.,-2013 
Summary:The process begins with the 
placement of a thin  metal foil, 
approximately 150 μm thick and 23.8 mm 
wide on a sacrificial base plate bolted on a 
heated (300
o
 C) anvil. The foil is 
compressed under pressure by the rolling 
sonotrode which is also excited by the 
piezoelectric transducers at a constant 
frequency of 20 kHz with amplitudes 
ranging between 5 and 29 μm in a 
direction transversal to the rolling motion. 
Once the first layer is bonded, additional 
layers are added and machined as needed 
until the desired geometry and dimensions 
of the feature are realized. Here two 
critical experimental observations 
concerning the build process and the bond 
quality: (I) as the height of the build 
feature increases and its natural frequency 
approaches the forcing frequency of the 
sonotrode (resonance condition), bond 
degradation occurs, and (II) when the 
height surpasses the critical height, and the 
natural frequency shifts away from the 
sonotrode's frequency, bonding can be 
reinitiated.just below the critical height, 
bond quality can be enhanced by 
increasing either the coefficient of kinetic 
friction or the applied normal load. While 
the  provided analysis captures the 
experimental observations on the 
conditions necessary for bonding, it 
focuses only on interfacial motion as the 
dominant factor for bonding. The analysis 
does not consider that bonding may occur 
without slip if the normal load is 
sufficiently large to initiate plasticity.  
17. Title: Computational modeling and 
experimental studies of dynamic 
performance of ultrasonic horn profile 
used in plastic welding.(ABS) 
Author name &Year: M. Roopa Rani et 
al.,-2013 
Summary: Based on Designed of horn to 
obtain the natural frequency close to the 
machine frequency(20 Khz ±500 hz) the 
horn length is adjusted to 136 mm for the 
Gaussian and stepped horn by trial and 
error.The temperature at the interface of 
the two standard ABS plastic parts is 
measured in real time using a data 
acquisition(DAQ) system.The DAQ 
include-type thermocouple, terminal 
block-TBX-68T,National instrument DAQ 
card-4351 and analyzing software Lab 
View. block-TBX-68T,National 
instrument DAQ card-4351 used 
thermocouples, RTDs, and thermostats 
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The result of Bazier profile horn in 
ANSYS 
Tensile testing of welded specimens was 
carried out by a tensile testing machine 
TKG EC-10 KNThe Stepped and Bezier 
horns have high displacement amplitude 
and a corresponding higher temperature 
during welding. The Stepped horn had 
only 75% energy utilization as compared 
to 85% of the Bezier horn hence it could 
weld only 45 mm length specimen 
whereas the Bezier horn welded 50 mm 
length specimens though both have similar 
amplitude.The Stepped and Bezier profile 
horn is found suitable for welding semi-
crystalline polymers and for welding 
components in the far field welding owing 
to its high displacement amplitude at the 
tip/face. But among the two, the Bezier is 
to be preferred owing to its low von-Mises 
stressin the nodal region and its ability to 
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Title: Process Robustness of single lap ultrasonic welding of thin dissimilar materials 
Author name & year : H.Kim et al.,-2011 




A 0.2 mm thick copper sheet and a 0.2 mm 
thick nickel plated copper sheet were 
welded. The thickness of the nickel 
coating layer on the copper sheets is about 
3 mm. The sheet dimension is 45 mm in 
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Analytical tool: Response surface 
analysis  
19. Title: Optimization of shear strength of 
ultrasonically consolidated Ti/Al 3003 
dual material structures 
Author name &Year: J.O.Obielodan et al.,-
2011 
Summary: A Solidica Formation TM 
machine was used for all the UC 
fabrications in this work. The materials 
used were CP titanium foils of 75µm 
thickness and aluminium alloy 3003-H18 
of 150m thickness with chemical 
compositions shown in Table1 & 


















200 110 25 150 
Material  
 





CP Titanium 28 10.58 2000 300  
Al 3003-H18  
 
16 23.70 1750 300  
 
SAS 9.1 software was used for the 
statistical analysis of the data to verify the 
effects of post process annealing as a 
single factor with six treatment levels on 
the shear strength of the specimens. 
 
Result of analysis variance by 
ANNOVA 
To avoid obtaining weakening strengths 
with this material system or formation of 
intermetallic materials at the interface, a 
30-min annealing time at 480 ◦C is 
recommended based upon the outcome of 
this work 
20. Title: Development of functionally 
graded materials by ultrasonic 
consolidation 
Author name &Year: S.kumar-2010 
Summary: Foils are joined by ultrasonic 
welding using a UC machine named 
Formation, manufactured by Solidica Inc., 
USA. Formation is a hybrid additive layer 
manufacturing machine which consists of 
following main parts: 
(1) a computer program to generate tool 
paths for welding and  cutting as per an 
STL file of a 3D CAD, 
(2) a base plate and attached heater, 
(3) an automatic foil-feeding system to lay 
foils,  
(4) an ultrasonic welding system to join 
foils,  
(5) a 3-axis CNC milling machine to shape 
and trim joined foils 
The final layer sequence adopted for 
making an Functional Graded 
material(FGM )sample of 62 layers is as 
follows: 
10SAS + 4.5Al + 5SAS + 5.5Al + 25Cu 
Meaning of the term used: 
10SAS = Al 1100 + SS + Al 1100 + 
SS+—repeated 10 times 
5SAS = Al 1100 + SS + Al 1100 + SS+—
repeated 5 times 
4.5Al = Al 1100 + 4Al 
5.5Al = Al 1100 + 5Al 
Micro hardness tests are used to observe 
the relative strength of the foils and their 
boundaries. 
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Force(N) Speed(ipm) Amplitude(µm) 
SS-Al 1100-SS 1250 26 28 
Al 3003-Al 3003  
 
1750 56 19 
Al 3003-cu  
 
1500 26 28 
Cu-Cu  
 
1500 25 25 
 
Title: Investigation of Support 
Materials for use in Ultrasonic 
Consolidation 
Author name & Year : Swank, 
M.L.Stucker-2009 
Summary :A Support materials is UC need 
to withstand comprehensive loads.It would 
be beneficial if a support material was also 
machinable, cost effective, and non-
toxic.Support Material Options: Metal 
alloy (Tin-Bismuth), Thermoplastic 
(Water Works™), Thermoset (Leco quick 
cure (QC) epoxy), Wax (Water soluble 
casting wax), Organic (Aluminium filled 
sucrose)The parameters used were: 18μm 
amplitude, 28ipm welding speed, 1750N 
normal force, and room temperature build 
plate (75°F). Tapes of aluminium 3003 
H18 of width 0.94‖ and thickness 0.006‖ 
were consolidated lengthwise along the 
centre of each geometry for all five 
support materials  
 
Title: Examination of build height in 
ultrasonic consolidation for foil width 
specimens using supports. 
Author name &Year: James M. Gibert et 
al., 2012 
Summary : The build specimens were 
constructed from aluminium foil 3003-
H18 provided by Solidica, Inc. The 
dimensions of the build plates were 356 
x356 x 13 mm thick 3003 H-18 plates, 
again provided by Solidica, Inc. The 
specimens were milled to a height, width 
and length of 0.94 x 0.94 x 2.50 inches, 
i.e., at the problematic aspect ratio for 
nominal tape width specimens. smaller 
height support of 0.25 inches allowed the 
specimen to weld to 55 layers without any 
signs of failure compared to the support of 
height of 0.50 inches in which the 
specimen showed signs of cracking at 48 
layers. 
 
Thermal analysis tool for support 
material- ABAQUS finite element 
23. Title: Effect of post weld heat 
treatment on 6061 aluminum alloy 
produced by ultrasonic additive 
manufacturing.  
Author name &Year: M.N.Gussev et al.,-
2016  
Summary: Post weld heat treatment 
(PWHT) has been used successfully to 
improve the properties of weld parts. The 
commercially available 150sed µm tapes 
of Al-6061 H-18 alloy were in this study. 
Alloy element composition (wt.%) 
AL Mg Si Fe Cu Cr Ti Mn Zn Ni 
Balance 0.86 0.66 0.35 0.23 0.13 0.084 0.082 0.077 0.15 
 
Post weld heat treatment details 
# Description  
1 Aging at 180
0
 C during 8h. 
2 Annealing at 330
0 
 c,1h  
3 Solutionizing at 580
0
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Title: Very high power ultrasonic 
additive manufacturing (VHP USM) for 
advanced materials  
Author name &Year: K. F. Graff et al.,-
2010  
Summary: Programming of The machine 
is carried out by generating CAD models 
then the desired part which is then 
imparted into an offline software package 
,RPCam which develops the necessary G 
and M codes. All operations of the 
machine including specialized welding 
fetures,are controlled by Siemens 940 D 
machine interface. Due to the critical 
placement and timing of welding 
functions, vital parameters such as 
amplitude, dwell time, force and weld 
speed are continuously monitored through 
a remote PC. It can be fabricating the 
metal parts having dimensions up to 1.5 
m*1.5m*0,6m. 
 
Title : Characterisation of Al-Ti 
dissimilar joints fabricated using 
ultrasonic manufacturing 
Author name & Year : P.J.Wolcott et 
al.,-2015 
Summary: Hereauthors used 9KW System, 
Normal force up to 12000N, vibration 
amplitude up to 30-50 µm to create joints 
of Al 1100 and commercially pure 
titanium. 
Weld parameter used for Ti-Al joints
 
Parameter Level  
 
Weld force  
 
3500 N  
 
Weld speed  
 










 F  
 
 
Roughness could play an important role in 
how the materials are joining which 
increase the strength 
26. Title : Role of friction on the thermal 
development in ultrasonically consolidated 
aluminum foils and composite  
Author name & Year : Steve koellhoffer et 
al.,-2011 
Summary:Different models for predicting 
the processing temperature during UC will 
be employed in this study. the first model 
is analytical and spatially invariant, the 
other is a numerical finite element analysis 
(FEA) two-dimensional model 
 
Equipment: 
The primary equipment used in the study 
was an infrared camera and a customized 
ultrasonic welder. The infrared camera is 
used to measure temperature during the 
consolidation process. The ultrasonic 
welder is used to consolidate an Metal 
metrix composite(MMC) tape or metallic 
foil to a metal substrate or another 
foil.Minitab (2003) was used to perform 
the response surface model calculation as 
described in the experimental section. 
Cleaned surfaces provide more sliding 
resistance than oxidized surfaces.Model 
accuracy, in particular for unbalanced 
loads high force, low amplitude is much 
improved when using a parameter 
dependent friction coefficient 
 
Title : Ultrasonic welding between mild 
steel sheet & Al-Mg alloy sheet  
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Welding Materials Welding Time(Sec) Clamping Force (N) Strength 
M.S. sheet & Al-Mg 
alloy sheet 
1-2.5 588 Decrease 
 
Title :A friction based finite element 
analysis of ultrasonic consolidation 
Author name & Year : C.Zhang & L.Li-
2008 
Summary :This paper attempts to present 
the effect of friction on the bonding 
interface by applying coulomb's law of 
friction. The UC is a continuous process in 
which the generation of strain in the 
mechanical field and temperature in 
thermal field are interactive.The bilinear 
von mises yield criteria are used in this 
model.The measured contact area under 
1800 N is 4.7 mm along the direction of 
sonotrode moving ,and the sonotrode‘s 
speed in UC process is 28 mm/s.At the 
beginning of UC bonding the rate of 
friction heat generation is much higher 
then that of the heat loss, because initially  
the temperature difference is low. As the 
temperature becomes higher due to friction 
heating decrease of young‘s modulus and 
friction  co-efficint will be slow down the 
friction heat generation. 
Research gap 
From the literature review it have been 
observed that to produce ultrasonic waves 
with the help of sonotrode there is need of 
generator,transducer,booster and horn. The 
materials suggested by researchers are 316 
stainless steel, Al-cu,Al-Ti alloy , ABS, 
Sic  Fiber, Al-mg sheet etc. 
The experiments have been performed on 
UC machine like the alpha ultrasonic 
additive manufacturing System, The 
Solidica etc.There is negligible work 
withVMC machine for UC process. So 
prepare the setup on VMC machine and 
generate ultrasonic vibrations. With the 
help of that vibration the foils of Titanium, 
Alluminium, copper are stick with each 
other and complete the machining with 
amplitude 0.1-0.5 µm. 
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